We have developed a method utilizing high-resolution field emission SEM and backscatter electron imaging of immunogold for detection of cell adhesion receptors on the surface of d i e d human neutrophils, using indirect immunogold localization of specific murine monoclonal antibodies (MAb) to the cell adhesion receptors selectin in (LECAM-1) and the j32 i n t e g b (Mac-1). We have observed that these two receptor populations occupy Merent membrane domains on the surface of unactivated human neutrophils. LECAM-1 was observed to occur in clusters on the tips of microvilli or membrane ruffles and was seldom detected on the membrane of the cell body. On the other hand, Mac-1 was found mainly on the membrane of the cell body in unactivated neutrophils, either singly or in small clusters,
Introduction
Neutrophils selectively adhere to and migrate through the vascular endothelium adjacent to a site of inflammation. This homing phenomenon appears to involve the sequential contributions of at least two types of adhesion molecules on the neutrophil surface (8, 12, 13, 22) . The L-selectin receptor (LECAM-1) mediates the initial binding of circulating neutrophils to vascular endothelial cells under conditions of flow (lOJ4). The j32 integrins (Mac-1 and LFA-1) act to strengthen the initial adhesion provided by LECAM-1 and also mediate adhesion events essential for transendothelial migration (8, 9, 11) . We have considered that this sequential involvement of two different receptor populations in neutrophil recruitment may be controlled in part by different spatial distributions of these receptors on the cell surface. and was only rarely encountered on microvilli or ruffles. In contrast, the distribution of Mac4 on activated, spreading neutrophils was markedly increased (up-regulated) and occurred in clusters on both the membrane of the cell body and also of surface projections, i.e., microvilli and d e s . The unique distributions of LECAM-1 and Mac-1 on the surface of unactivated human neutrophils, as observed by highresolution WSEM, c o d i the spatial relationships of these receptor types as predicted by models for the attachment of circulating neutrophils to YdsCulaL endothelium and their emigration to sites of inflammation. 
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Information available on the ultrastructural location and spatial distribution of LECAM-1 and Mac-1 on the surface membrane of neutrophils is limited to a single report (16) . With immunogold labeling and transmission electron microscopy, LECAM-1 was seen to be associated with "microvillo~~~'' structures, whereas Mac-1 receptors were described as being randomly distributed over the plasma membrane.
In this report we describe the application of immunogold labeling and high-resolution backscatter electron imaging using lowvoltage field emission scanning electron microscopy (LVSEM) to establish the location and spatial distribution of LECAM-1 and Mac-1 on human neutrophils. This combination of techniques has made possible a three-dimensional analysis of the relationships of these neutrophil adherence receptors to different membrane domains on the cell surface. We observed that in unactivated neutrophils LECAM-1 was associated primarily with the apical surface of microvilli and membrane ruffles. In contrast, Mac-1 was not randomly distributed but instead was expressed mainly on the cell body membrane domain. Activation of neutrophils by attachment to the substratum substantially increased the immunostaining for Mac-1 and its distribution: Mac-1 was now seen to be distributed ubiquitously over the entire membrane surface.
Materials and Methods
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Results
Isolation of Human Neutrophils. Approval for obtaining human blood specimens by venipuncture was obtained from the Committee on Use of Human Subjects in Research at the University of Minnesota. Heparinized human venous blood (10 Ulml) from eight separate donors was layered over Ficoll-Hypaque (s.g. 1.119 g/dl) and centrifuged at 400 x g for 20 min at <4'C. A purified neutrophil fraction was collected and contaminating erythrocytes were removed by hypotonic lysis as previously described (7). The isolated cell fraction contained greater than 99% neutrophils as determined by Wright's stain. The cell concentration was adjusted to 1o7/ml after re-suspension in 0.1 M PBS, pH 7.3.
Source of Antibodies. A murine monoclonal antibody (Mab) [Mol (
IgM)] to the integrin. Mac-1, was purchased from Coulter Cytometry (Hialeah, FL); its specificity has been characterized by both immunological and functional studies (1,3,23). MAb Mol was obtained either unlabeled or as a direct conjugate with fluorescein. A murine MAb [DREG-56 (IgG2a)] specific for the L-selectin, LECAM-1, was kindly provided by Dr. T. K. Kishimoto (Boehringer Ingelheim Pharmaceuticals; Ridgefield, CT). Nonspecific murine MAb (MsIgG for LECAM-1 and MsIgM for Mol) (Coulter Cytometry) were used as isotypic controls. Goat anti-mouse IgG (H+L chains) and IgM conjugated to fluorescein were purchased from Cappel Laboratories (Cochranville, PA). Affinity-purified goat anti-mouse IgG or IgM antibodies conjugated to 12-nm colloidal gold were obtained from Jackson Im-munoResearch Laboratories (West Grove, PA).
Immunocytochemistry. Isolated human neutrophils ( lo7 /ml) were incubated with either the Mol (anti-Mac-1) antibody (5 pg/ml) or the DREG-56 (anti-ECAM-1) antibody (1 fig/ml) in 0.2% bovine serum albumin (BSA) (Sigma: St Louis, MO) in PBS for 30 min at <4'C. Cells were centrifuged (150 x g) for 10 min at <4'C and washed twice with PBS-0.2I BSA. Neutrophils were then re-suspended for 30 min at 4'C in PBS-0.2% BSA containing a 1:s dilution of goat anti-mouse IgG or IgM conjugated with 12-nm colloidal gold or similar antibodies conjugated with fluorescein. Nonspecific mouse MAb (MsIgG or MsIgM) were used as idiotypic controls in place of receptor-specific antibodies, and nonspecific absorption of anti-immunoglobulins was examined by omitting the mouse primary antibody and incubating only with the goat anti-mouse IgG-or IgM-colloidal gold or -fluorescein conjugates. After incubation with antibodies, the cells were centrifuged, rinsed with PBS, and then allowed to attach at < 4 T or, in some cases, at 21'C, for 10-15 min to glass specimen carriers pre-treated with 0.1% poly-Llysine (Sigma). Cells labeled for receptors were fixed briefly for 15 min in 1% paraformaldehyde in PBS at pH 7.3, rinsed in PBS, and then mounted in PBS containing 0.1% paraphenylenediamine and were examined in a BioRad 600 (Richmond, CA) laser scanning confocal microscope with a krypton/argon laser. Cells labeled with immunogold were fixed overnight at room temperature with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, containing 7.5% sucrose. The specimens were post-fixed with 1% osmium tetroxide for 15-30 min, followed by dehydration in an ascending alcohol series and critical point-drying with C02.
Microscopy. Samples were prepared as previously described (5,6,15). Briefly. specimens were coated with a discontinuous layer of platinum (approximately 1 nm) using an Ion Tech argon ion-beam gun sputtering system (VCR Group; San Francisco, CA) operated at an accelerating voltage of 10 keV and 4 mA. The samples were examined at an accelerating voltage of 3-4 keV in a Hitachi s-900 field emission scanning electron microscope (FESEM) by high-resolution backscatter electron imaging using a YAG detector. Stereoscopic images at a tilt of 8' were recorded on Polaroid type 52 film and negatives were produced with 35-mm Kodak Tech Pan (2415) film (Eastman Kodak; Rochester, NY).
Detection of the L-selectin LECAM-1
The murine MAb DREG-56 (anti-LECAM-1) (11,12) was used with indirect immunofluorescence to assess the distribution of LECAM-1 by laser scanning confocal microscopy. By focusing on the neutrophil surface, the immunofluorescence staining pattem for LECAM-1 was seen to resemble small punctate spots in unactivated cells ( 
Detection of p2 Integrin (Mac-1)
The presence and distribution of Mac-1 on unactivated human neutrophils were first assessed by light microscopy using a fluoresceinconjugated MAb (Mol) specific for Mac-1. Examination of unactivated neutrophils stained by direct immunofluorescence conducted at < 4 T in a laser scanning confocal microscope revealed a pattern of intense punctate staining on the cell surface, not unlike that seen with the staining for LECAM-1 (compare Figure 2A to Figure  1A ). Reconstruction of the entire cell surface by a through focal 2-series (0.6-wm intervals) confirmed that the stained receptors were associated with the cell periphery. In contrast to unactivated cells, the immunofluorescent staining pattern for Mac-1 was greatly in- High-resolution localization of Mac-1 on the surface of isolated human neutrophils in suspension was accomplished using MAb Mol, followed by incubation with a goat anti-mouse IgM antibody conjugated to 12-nm colloidal gold. On unactivated neutrophils, Mac-1 was detected by localization of the immunogold particles on that portion of the cell membrane associated with the cell body (Figures 2A and 2B) . Evaluation of the distribution of colloidal gold staining by stereoscopic imaging (data not shown) revealed that Mac-1 was distributed predominantly on membrane domains of the cell body, on small surface elevations of the cell body, and only occasionally near the base of microvilli or membrane ruffles. Mac-1 was seldom seen associated with the apical surfaces of either microvilli or membrane ruffles. Immunogold detection of Mac-1 appeared as individual or small clusters of colloidal gold, ranging from three to 20 particles ( Figure 2C ) and, even though the clusters may represent some amplification related to use of the indirect immunogold method, the spatial distributions of the colloidal gold clusters also suggested that multiple Mac-1 receptors existed in close association with one another. Ultrastructural examination of activated spreading neutrophils showed a dramatic increase in immunogold staining for Mac-1 ( Figures 2D and 2E) . The immunogold staining for Mac-1 was seen chiefly as clusters of immunogold particles and was distributed ubiquitously over both membrane domains of the cell body, as well as on ruffles and microvilli ( Figure  2E ). However, the attached margins of the spreading neutrophil in contact with the substratum appeared to have diminished staining for this receptor (Figure ID ).
Discussion
The present study has utilized backscatter electron imaging and indirect immunogold staining of unfixed human neutrophils for the localization of LECAM-1 and Mac-1 by high-resolution field emission NSEM. By stereoscopic examination of SEM micrographs, it was observed that LECAM-1 and Mac-1 on unactivated neutrophils each have a distinct distribution associated with different surface membrane domains. First, LECAM-1 was seen to be associated with surface projections identified as microvilli or membrane ruffles. The immunogold staining for LECAM-1 did not entirely cover the tip surface of the microvilli or the outer edge of the ruffles, but instead occurred as small, distinct focal patches or clusters. Although this immunostaining for LECAM-l was detected mainly on the ends or edges of surface projections, patches of staining were occasionally observed near the base of these surface projections, suggesting that this location might represent stages in the dynamic formation or retraction of these membrane structures. These observations confirm the association between LECAM-1 and microvilli recently suggested using transmission electron microscopy (16) and extend this finding to include membrane ruffles, structures not easily distinguishable from microvilli by "EM. Second, the distribution of Mac-1 on unactivated neutrophils was observed to be clustered or singular, and was confined mainly to the cell body, defined as the cell membrane lying at the base of and between adjacent cell surface projections. This finding is contrary to the report that Mac-1 is distributed randomly over the cell membrane (16) . Third, the increased immunostaining or up-regulation of Mac-1 detected in activated spreading neutrophils agrees with previous reports on the up-regulation of this receptor in stimulated neutrophils (10, 25) , and by LVSEM it was seen to occur over both the cell body and the microvillilruffles of activated neutrophils.
The unique spatial distribution of LECAM-1 and Mac-1 on &rent membrane domains of the unactivated and activated neutrophil surface, as seen by SEM, fits well with the proposed roles of these receptors in adherence interactions with vascular endothelial cells. Using intravital microscopy, neutrophil interaction with vascular endothelium has been seen to occur in two phases (2,25). In Phase 1, neutrophils entering venules adjacent to a site of inflammation rolled and occasionally paused along the luminal endothelial surface. In Phase 2, the neutrophils came to a complete stop and migrated through the venular wall. Recent dynamic models of neutrophil emigration (10,17,25) have LECAM-1 and the P 2 integrin Mac-1 serving sequential roles in these events. Although little mention was made of LFA-1 in either model and no information has been found on its spatial distribution on the neutrophil surface, it seems clear that this LFA-1 would function in a similar manner to Mac-1 in adherence of unstimulated neutrophils to ICAM-1 (19.20). In Phase 1, the L-selectin receptor LECAM-1 has been proposed to mediate rolling and reversible stopping of the neutrophils to slow their flow through the post-capillary venule, and thus would provide sufficient time for cell activation by locally accumulating stimuli. Neutrophil activation then induces a transient strengthening of adhesion through LECAM-1, while the functionally activated PZ integrins would cooperate to stabilize or maintain cell adhesion against the shear force of blood flow. Both of the PZ integrins, Mac-1 and LFA-1, appear to contribute to the transendothelial migration of activated neutrophils. Studies using monoclonal an- tibodies to the respective a-integrin subunits of these receptors have shown an inhibition of transendothelial migration by up to 50% for blocking each subunit, whereas inhibition was shown to exceed 90% when monoclonal antibodies to both a-subunits were used together (18J9). Flattening of the stopped neutrophil against the endothelium at this time could presumably activate the neutrophil through its interaction with surface-bound interleukin 8 (derived from endothelial cells or perivascular tissues), as proposed by Rot (17) . This would bring existing LFA-1 on the cell surface and up-regulated Mac4 on the body of the neutrophil into contact with ligand on the endothelial surface. LECAM-1 is subsequently shed from the cell surface, and the continued up-regulation of Mac-1 (no storage site for LFA-1 has been detected) from intracellular pools (tertiary granules) facilitates migration of the neutrophil through the vascular endothelium.
The unique expression of LECAM-1 as clusters or patches on the apical surfaces of microvilli and membrane ruffles may provide an ideal position for these adhesion receptors to mediate the initial contact of neutrophils with endothelial cells. The clustering of LECAM-1 molecules on the tips of microvilli or edges of ruffles may be important in presenting multiple adhesion sites to ligands on the endothelial surface or, as recently described (16), in presenting the ligand (sialyl Lewis X antigen) on the LECAM-1 molecule to ELAM-1 adhesion receptors on the endothelial cell. Chemical events in association with receptor clustering might also influence or control receptor avidity (21, 24) .
The clustering of LECAM-1 (L-selectin receptor) on surface projections raises interesting questions as to how this polarity of adhesion receptor molecules is formed or maintained. Are these adhesion receptors selectively expressed in a clustered format? Or, are individual receptors expressed on the surface and then mobilized under the influence of actin and actin binding proteins to form clusters on microvilli and ruffles?
Receptor clustering could alternatively be considered as an artifactual consequence of our indirect immunostaining of unfixed cells. However, the punctate immunofluorescence staining pattern observed on unfixed cells stained at <4"C with fluoresceinconjugated Mol, an anti-Mac-1 antibody, suggests that the clustering observed by SEM was not artifactual. This is also supported by the observation that the up-regulation of Mac-1 in activated neutrophils appeared as many clusters of immunogold particles covering the cell surface, and suggests that these clusters might represent "new" receptors brought to the surface by granular secretion; singular immunogold particles might represent "older" surface receptors that had diffused apart from the clusters secreted at an earlier time.
High-resolution field emission SEM of immunogold-stained unfixed human neutrophils appears to be superior to immunogold staining of fixed neutrophils and transmission electron microscopy (16) for determination of the spatial distribution of these two adherence receptor populations on human neutrophils. Compared with analysis of sectioned cells by TEM, the visualization of immunogold-labeled receptor molecules on the intact cell by SEM has provided a clearer definition of their spatial distribution owing to the greater surface area that can be examined, and also through the use of stereo imaging to see their relationship to cell surface topography. Furthermore, detection of these receptors by immunolabeling of unfixed cells at <4"C before aldehyde fixation was superior in our hands to fixation before immunolabeling, as pre-fixation greatly diminished immunolabeling of these receptors (unpublished observations). Although aldehyde fixation has been proposed to stabilize membranes before immunolabeling (4), our experience has been that some loss of immunoreactivity can occur with pre-fixation, particularly when a monoclonal antibody is used to localize a single epitope.
In conclusion, we have utilized high-resolution field emission SEM to determine the membrane distribution of the adhesion receptors LECAM-1 and Mac-1 on unactivated and stimulated human neutrophils to confirm the spatial relationships of these receptors as predicted by the models for neutrophil adhesion and transendothelial migration (10, 25) . In future studies, the backscatter detection of immunogold labeling for membrane receptors should provide to be a useful tool for investigating the surface distribution of other adhesion macromolecules, such as the p2 integrin LFA-1 on PMNs or the endothelial cell surface receptors ELAM-1, ICAM-1, and GMP140, and the role of these molecules in the interactions of these cells with one another or with the substratum after cellular activation.
